Determination of HIV infectivity in vitro and its inhibition by antiretroviral drugs by monitoring reduction of production of p24 antigen is expensive and time consuming. Such assays also do not allow accurate quantitation of the number of infected cells over time. To develop a simple, rapid, and direct method for monitoring HIV infection, we generated a stable T-cell line (CEM) containing a plasmid encoding the green f luorescent protein (humanized S65T GFP) driven by the HIV-1 long terminal repeat. Clones were selected that displayed low constitutive background f luorescence, but a high level of GFP expression upon infection with HIV. HIV-1 infection induced a 100-to 1,000-fold increase in relative f luorescence of cells over 2 to 4 days as monitored by f luorescence microscopy, cytof luorimetry, and f low cytometry. Addition of inhibitors of reverse transcriptase, protease, and other targets at different multiplicities of infection permitted the accurate determination of drug susceptibility. This technique also permitted quantitation of infectivity of viral preparations by assessment of number of cells infected in the first round of infection. In conclusion, the CEM-GFP reporter cell line provides a simple, rapid, and direct method for monitoring HIV infectivity titers and antiretroviral drug susceptibility of syncytium-inducing strains.
The syncytial focus plaque assay or the production of the HIV-1 p24 core antigen by ELISA are used to titer HIV infectivity, monitor the progress of infection, and determine drug susceptibility in T-cell lines (1) . These methodologies are time consuming. Furthermore p24 antigen determinations are expensive and do not allow a precise quantitation of the number of infected cells. Other techniques have been developed to detect HIV infection, including cell viability assays, reverse transcriptase assays, visualization of virions by electron microscopy, in situ hybridization, and various PCR-based assays (1, 2) . More recently, reporter system assays have been engineered for expressing genes such as firefly luciferase (3, 4) , chloramphenicol acetyltransferase (CAT) (5, 6 ) and ␤-galactosidase (␤-gal) (7) coupled to the HIV-1 long terminal repeat (LTR) promoter. However, these different techniques require measurement of aggregate production in the culture cells (CAT, p24 antigen), fixation of cells and exogenous substrates (␤-gal), or killing of the cells (CAT, luciferase, and PCR). A simple, economical, and direct method for monitoring HIV infection in cell culture allowing rapid and accurate determination of the activity of antiretroviral drugs was sought.
The green fluorescent protein (GFP) of the bioluminescent jellyfish Aequorea victoria is a marker for gene expression with several promising features: small size of 238 amino acids, heat stability, and emission of green light after exposure to ultraviolet light without extrinsic labeling or fixation (8) (9) (10) . In addition, GFP requires no cofactor and lacks apparent toxicity for eukaryotic cells. Relatively high levels of GFP expression are required for bright fluorescence, because each GFP molecule represents one fluorophore, and up to 10 6 molecules per cell are needed (11) . This may explain why GFP-expressing stable cell lines have not yet been established and why detectable bright fluorescence signals were obtained only transiently in T-cell lines transfected with high amount of GFP-encoding plasmid (12, 13) or used as fusion protein tag (14, 15) . Continuous high production of GFP appears to be required for signal detection, a situation analogous to viral production. Variants of GFP have been designed that are better adapted to mammalian expression and to present technologies of signal detection. The S65T GFP contains an amino acid substitution (Ser 65 to Thr), which shifts the peak fluorescence of emission of GFP to 511 nm (16) . The gene for this modified GFP molecule has been further improved to optimize the sequence to human codon-usage preference and to provide a Kozak sequence motif for better ribosome binding.
We report the establishment of a stable T-cell line expressing a plasmid encoding a humanized enhanced GFP under the control of a HIV-1 LTR promoter. Upon infection with HIV-1, we observed a 100-to 1,000-fold increase of fluorescence of infected cells, compared with uninfected cells. This technique enabled monitoring of HIV infection in real time, quantitation of infected cells over time, and determination of antiretroviral drug susceptibility easily and accurately.
by centrifugation on CsCl gradients (17) and electroporated in the lymphoblastoid CD4 ϩ T-cell line CEM, obtained from Dennis Carson (University of California San Diego).
CEM cells electroporated with pLTR-GFP were selected for neomycin resistance (G418: 800 g͞ml) in medium containing RPMI medium 1640 (GIBCO͞BRL) supplemented with 2 mM glutamine, 100 units͞ml penicillin G, 100 g͞ml streptomycin, and 10% (vol͞vol) fetal bovine serum, and referred to as CEM-GFP.
Selection of Clonal Populations of CEM-GFP. After G418 selection, CEM-GFP cells were analyzed by flow cytometry (Coulter Elite fluorescence-activated cell sorter) using an excitation wavelength of 488 nm and detection at the emission wavelength of 530 nm. The cells with high constitutive GFP expression (about 25%) were removed. The remaining CEM-GFP cells with low levels of background fluorescence were cloned by three rounds of limiting dilution and further selected for high GFP expression upon infection with HIV-1.
HIV-1 Infection of CEM-GFP Cells and Determination of Antiretroviral Drug Susceptibility. CEM-GFP cells were infected with the T-cell tropic strain HIV-1 LAI (5 ϫ 10 6 TCID 50 ͞ ml, titered by terminal dilution and p24 antigen production on parental CEM cells) (18) at different multiplicities of infection (MOIs) for 4 h at 37ЊC in the presence of 2 g͞ml Polybrene. The cells then were washed three times with PBS (GIBCO͞ BRL), resuspended in 2 ml of culture medium and incubated at 37ЊC in 5% CO 2 . Aliquots of 2.0 ϫ 10 5 cells were taken at days 1, 2, 3, 4, or 6 and fixed in 1% formaldehyde (Polysciences) in PBS. The cells were transferred to a 96-well low f luorescence plate (PerSeptive Biosystems, Framingham, MA). Fluorescence was measured using a fluorimeter (Cytofluor 2300 PerSeptive Biosystems) at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. The cells also were analyzed either by flow cytometry or visualized under a fluorescence microscope (Nikon). Two hundred microliters of medium containing infected cells were used in parallel for measurement of the production of HIV-1 p24 antigen by antigen capture ELISA test (Coulter). In some experiments, antiretroviral drugs at different concentrations were added 1 h before infection (3 h for zidovudine) and maintained for the duration of the experiment.
Labeling of HIV-1-Infected CEM-GFP with Anti-gp120 Antibody. CEM-GFP cells were infected with HIV-1 LAI strain at a MOI of 0.001TCID 50 per milliliter. At days 1 to 6 after infection, 2 ϫ 10 5 cells were harvested from the culture, centrifuged 2 min at 2,000 ϫ g, and incubated for 30 min at 4ЊC in the presence of 1 g͞ml of mouse anti-gp120 mAbs (Hybridoma 902 recognizing the V3 loop; obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health, from Bruce Chesebro) (19, 20) . The cells then were washed three times with PBS containing 0.2% BSA and 0.1% Na-azide, resuspended with 20 l of a 1:50 diluted anti-mouse IgG labeled with phycoerythrin (Boehringer-Mannheim), and incubated 30 min at 4ЊC. The cells were washed and fixed in 1% formaldehyde͞PBS and analyzed by flow cytometry gating for green (GFP) and red (anti-gp120) fluorescence (Coulter, Cellquest software). To quantify the fluorescence emitted by these infected cells, 2 ϫ 10 5 cells were harvested and transferred to a 96-well plate for measurement of total fluorescence with a cytofluorimeter. Fluorescence of HIV-infected cells progressively increased over time (Fig. 1b) . This increase reached a maximum of 2 log 10 relative fluorescence intensity over noninfected cells at day 4. Production of p24 antigen also was monitored in parallel and correlated with relative fluorescence emission. The number of fluorescent cells and the shift of fluorescence in HIV-1-infected cells were analyzed by flow cytometry at day 4 (Fig.  1c) . This technique confirmed that over 90% of cells after several cycles of HIV-1 replication had a 2 log 10 increase in relative fluorescence intensity compared with uninfected cells.
RESULTS

Infection of CEM-GFP Cell
Correlation of Expression of HIV-1 gp120 and GFP. The HIV-1 LTR can be activated by different cytokines and transcriptional activators like tumor necrosis factor-␣, interleukin 1 (IL-1), IL-2, IL-6, and NFB (21-23). These effectors increased GFP transcription up to 4-fold only. We examined LTR-driven GFP expression achieved through non-tat- mediated activation of CEM-GFP. For this purpose, the cells were incubated with tumor necrosis factor-␣ (100 units͞ml), phorbol 12-myristate 13-acetate (10-100 ng͞ml), or both. CEM-GFP displayed a 2-fold, 3-fold, and 3.5-fold increase of fluorescence, respectively as compared with over 100-fold with HIV infection (data not shown). To confirm that high expression of GFP in the inoculated CEM-GFP cells was due to HIV-1 infection and presumably tat transactivation of the LTR, we infected CEM-GFP cells with HIV-1 LAI strain at a MOI of 0.001 and then labeled with anti-gp120 antibodies coupled with phycoerythrin at days 1 through 4. These cells were subsequently analyzed by flow cytometry gating on green and red channels, respectively. Cells inoculated with HIV-1 are rapidly and selectively shifted toward gp120 positivity over time (95% at day 4) (Fig. 2) . The signal for GFP is detectable with a short delay of about 1 day. The most likely explanation for the delay between reactivity for gp120 and GFP probably is attributable to the sensitivity of the detection methods for gp120 and GFP. About 10 6 molecules of GFP are necessary for detection in a cell (11) , whereas detection of gp120 is done by amplification of the signal using a mouse anti-gp120 mAb revealed by a phycoerythrin-labeled goat anti-mouse secondary antibody. It is also possible that newly produced virions could label uninfected CD4-expressing CEM cells before replication could induce GPF expression (24) . Of note, only a few cells (Ͻ5%) expressed the GFP without being positive for gp120 (lower right quadrant of Fig. 2 ). To determine that productive infection was required for GFP expression, we used psoralen-UV light-inactivated HIV-1 from the same virus stock. These inactivated viruses retain antigenicity, bind to the cell surface receptors, and enter the cells, but are unable to replicate (25) . Under these experimental conditions, using equivalent input as assessed by p24, no GFP was produced by CEM-GFP cells inoculated with inactivated-virus (data not shown).
Determination of Antiretroviral Activity of Reverse Transcriptase and Protease Inhibitors with CEM-GFP Cells. CEM-GFP cells (5 ϫ 10 5 ) were incubated for 3 h at 37ЊC with different concentrations of zidovudine (10, 1, 0.1, and 0.01 M) before infection at a MOI of 0.1 with two T-cell tropic strains of HIV-1: A patient isolate (H112-2) sensitive to zidovudine with an IC 50 of 0.023 M as determined by HeLa-CD4 plaque assay and a zidovudine-resistant isolate (G910-6) later obtained from the same patient with an IC 50 of 3.16 M (26). An aliquot of 2 ϫ 10 5 cells for each condition was harvested 4, 6, and 8 days after infection and fixed in 1% formaldehyde in PBS. Fluorescence was quantified by cytofluorimetry (Fig. 3) . IC 50 values (0.026 M for H112-2 and 2.95 M for G910-6) were equivalent to those determined by the HeLa-CD4 plaque assay and by the reduction in p24 antigen production (1) .
Similar experiments were performed with the nonnucleoside reverse-transcriptase inhibitor, nevirapine, to determine the IC 50 of this drug with CEM-GFP cells. The nevirapine susceptibility of HIV-1 in these cells correlated closely with values obtained by plaque assay and p24 antigen reduction (Fig. 4) (27) .
The activity of other antiretroviral drugs was evaluated in CEM-GFP cells, including compounds targeted to tat (Ro24-7429, Roche Diagnostics) (21, 28) , gag transport by cyclophilin (SDZ811, Sandoz Pharmaceuticals) (29) , and the protease inhibitor saquinavir (Roche Diagnostics). All these compounds could be used in the CEM-GFP cell assay with values equivalent to assays using p24 antigen reduction (results not shown).
HIV protease inhibitors like saquinavir block only the late steps of maturation of new virions in HIV-infected cells. Under these conditions, tat is produced, and the CEM-GFP assay registered the first round of incoming virus, but not subsequent cycles of infection, because the progeny virions are noninfectious. This is illustrated in Fig. 5a where, with a concentration of saquinavir of 0.1 M, the level of fluores- cence remained constant over a 6-day period and reflected the initial MOI. Flow cytometric analysis confirmed that about 10% of the cells were positive when infected with a MOI of 0.1 (Fig. 5b) and 1% in samples with a MOI of 0.01 (data not shown). Moreover, this percentage of fluorescent cells did not significantly change over a 6-day period in samples where the concentration of saquinavir was Ն0.1 M, implying that infected cells did not produce new infectious virions at these drug concentrations. In contrast, in samples in which the saquinavir concentration was Ͻ0.1 M, the number of fluorescent cells increased with time demonstrating viral escape and infection of new target cells. Of note, at high MOI (Ͼ0.1), a decrease in fluorescence was observed at later timepoints, because infected CEM-GFP are killed by virus-induced apoptosis (30) .
The CEM-GFP reporter system permitted the rapid determination of viral infectivity of virus preparations, because visualization and enumeration of fluorescent cells can be done for only one round of infection using a potent protease inhibitor. HIV-1 LAI infection at MOIs of 0.06, 0.1, and 0.25 as titered by plaque assay on CEM cells resulted in 6.0, 11.5, and 21.7% of fluorescent cells, respectively (Fig. 6) . At higher MOIs (Ն0.5), the correlation was decreased possibly due to differential replication in different cell cycle phases and induction of apoptosis in HIV-infected cells. Experiments with other viral preparations (MN, HIV-2, and clinical isolates) gave similar results.
DISCUSSION
Monitoring of HIV infection and antiretroviral drug activity in vitro are commonly performed by detecting p24 HIV core antigen production by infected cells or by HeLa-CD4 plaque assay. These methodologies, however, require multiple manipulations, are time consuming, and for p24 antigen are expensive. Furthermore, the p24 assay measures aggregate production of viral proteins from the cultured cells and do not permit an accurate quantitation of the number of infected cells. Assays of cytotoxicity that measure tetrazolium reduction have a similar limitation (31) .
The reporter cell line CEM-GFP allows monitoring of GFP expression by three complementary methods. Fluorescence microscopy enables visualization and numeration of fluorescent cells over time (Fig. 1a) . Quantification of relative fluorescence using a cytofluorimeter enables the quantitative measurement of cumulative infection in a microtiter plate format (Fig. 1b) . Flow cytometry combines enumeration and intensity of relative fluorescence of individual cells (Fig. 1c) . The T-cell tropic strains of HIV-1 or HIV-2 and transient cotransfection with a plasmid encoding the HIV-1 transactivating tat protein were all capable to shift CEM-GFP fluorescence 2 to 3 log 10 over basal level (not shown). The time to this increase was shown to be dependent on the viral inoculum. CEM-GFP cells challenged with HIV-1 at different MOI ranging from 0.1 to 0.001 revealed a significant increase of fluorescence (Ͼ10ϫ) even in samples where only 20 virions were initially inoculated (2 ϫ 10 5 cells, MOI 0.001 at day 6). Letting the initial inoculum spread in the culture permitted the detection of low-input inocula. This technique compared favorably to standard methodologies as exemplified by the proportionality of p24 core level assessment and fluorescence emission in HIV-infected cells (Fig. 1b) . The parallel increase of p24 and fluorescence in cells suggested that HIV replication is likely to be responsible for the LTR-driven GFP expression. However, previous studies have provided evidence that the HIV-1 LTR promoter can be activated by substances such as phorbol 12-myristate 13-acetate and tumor necrosis factor-␣, through the activation of the NF-B binding sites present within the HIV-1 LTR (21-23). To further investigate the role of viral transcription in GFP expression, we used a UVpsoralen light-inactivated strain of HIV-1 to challenge the cells. Under these experimental conditions, no increase in fluorescence expression was detected, confirming the necessity of viral replication for GFP expression. Additionally, expression of HIV-1 gp120 protein on the cell surface also correlated with the increase in GFP expression.
Potential applications of the CEM-GFP reporter system include high throughput assays for anti-HIV drug susceptibility testing or neutralization assays. The method is fast (from 1 to 6 days depending on inoculum), easy (direct fluorescence measurement of HIV-challenged cells by cytofluorimetry), and inexpensive (essentially maintenance of the cells). The 96-well plate format permits the assay of multiple drugs at a range of concentrations. The feasibility of performing drug assays for reverse transcriptase, gag, tat, and protease inhibitors with results comparable to those obtained by p24 assay and HeLa-CD4 plaque assay has been demonstrated. Furthermore, analysis of two isolates, one sensitive and the other highly resistant to zidovudine obtained from the same individual before and after therapy, demonstrated the capability to discern drug susceptibility with clinical isolates.
The CEM-GFP reporter system also permits the rapid determination of viral infectivity titers. The percentage of CEM-GFP infected in the presence of inhibitory concentrations of an anti-HIV protease drug (1 M of the protease inhibitor saquinavir, for example) defines the number of cells infected in the first round of infection. We observed that about 10% and 1% of the CEM-GFP cells were fluorescent when MOI 0.1 (i.e., 1 virus per 10 cells) and 0.01 (i.e. 1 virus per 100 cells) were used, respectively. The same percentage of fluorescent cells persisted throughout the experiment, because no production of infectious mature virions and subsequent infection of cells can occur in these conditions. The possibility to titer infectivity of multiple viral preparations with the CEM-GFP assay was confirmed by good correlations with plaque assay, using MOIs ranging from 0.05 to 0.25 (TCID 50 per cell).
This reporter system may be enhanced by providing the CCR-5 receptor to CEM-GFP, allowing non-syncytiuminducing isolates (NSI) to infect them. Chemokine receptors have been shown to be mandatory coreceptors for HIV entry (32) . CCR-5, a member of the seven-transmembrane Gprotein receptor family, is present at the surface of primary CD4 ϩ T cells and monocytes permitting primary NSI isolates and M-tropic strains of HIV to enter the cells (4, 33) but is absent in the CEM and most immortalized T-lymphoblastoid cell lines. The establishment of a CEM-GFP stable cell line expressing functional CCR-5 would enable the analysis of SI and NSI isolates. The possibility of addressing infectious viral burden may have multiple practical implications for investigating viral replication, dynamics, and pathogenesis, for example, HIV-induced apoptosis. Another potential application of CEM-GFP reporter cell line could be to investigate cellular signaling pathways resulting in NF-B activation.
In summary, the establishment of a stable cell line expressing a LTR-driven GFP reporter gene has provided a fast, easy, inexpensive, and accurate tool for monitoring and investigating HIV infection, anti-HIV drug activity, and cellular signaling with T-cell tropic isolates. The unique feature of visualization, direct counting, and the possibility of sorting fluorescent cells without the addition of external substrate or labels is also of value compared with traditional methods.
